The effect of substrate pH level (4.7, 3.3 and 7.3) on the anthocyanin, quercetin compounds, catechin and phenolic acids concentrations in petals of Rosa × hybrida L. 'KORcrisett' and on the number of flowers per plant was investigated. The phenolic profiles of this plant were established for the first time by the use of HPLC/MS. Plants potted in a substrate with pH 4.7 developed significantly more flowers compared to those planted in an acidic (3.3) and alkaline (7.3) pH levels. However, the concentration of anthocyanins, quercetin compounds, catechin and phenolic acids was always lowest in the petals of 'KORcrisett' rose plants potted in pH level 4.7. Compared to the first sampling, a significant increase in the concentration of major and total anthocyanins and quercetin compounds was measured in the petals of plants potted in pH level 3.3 and 7.3, but not in the plants potted in pH level 4.7, respectfully. Preučevali smo vpliv pH substrata (4,7, 3,3 in 7,3) na koncentracije antocianov, kvercetinov, katehina in fenolnih kislin v petalih Rosa × hybrida L. 'KORcrisett' ter spremljali število cvetov na posamezno rastlino. Sestava in koncentracija fenolnih spojin je bila pri tej rastlini prvič določena s pomočjo HPLC/MS tehnike. Rastline, ki so bile posajene v substrat s pH 4,7, so razvile statistično značilno več cvetov, kot rastline, posajene v kisel (3,3) oziroma bazičen (7,3) pH, vendar pa so bile koncentracije antocianov, kvercetinov, katehina in fenolnih kislin v pH 4,7 najnižje. V primerjavi s prvim vzorčenjem, je koncentracija prevladujočih in skupnih antocianov v petalih močno narasla pri rastlinah, ki so bile posajene v substrat s pH 3,3 in 7,3. Podobnega trenda nismo opazili pri rastlinah, posajenih v pH 4,7.
INTRODUCTION
Roses are one of the most important, diverse and widely planted ornamentals with over 150 species and more than 20.000 cultivars (Cai et al., 2005) with color specter ranging from subtle whites, yellows and pinks to intense purple, orange and red tones. The color of various plant tissues, such as flower petals (Mikanagi et al., 1995) and leaves (Schmitzer et al., 2009a) , can be attributed to anthocyanins and other phenolics, for example quercetins, acting as copigments (Eugster and Markifischer, 1991) .
Flower pigments accumulate in the epidermal cell vacuoles (Hughes et al., 2007) and their concentration, intensity and hue depends on both internal, such as microenvironment conditions in the vacuoles and developmental stage (Schmitzer et al., 2009b) , and external factors. Among the latter light (Cominelli et al., 2007) , temperature (Dela et al., 2003) , nutrient deficiency (Juszczuk et al., 2004) and substrate pH (Smith et al., 2004a) has been reported to alter anthocyanin and carotenoid concentration in various plant tissues. Root substrate pH also affects nutrient solubility (Smith et al., 2004b; Papafotiou et al., 2007) and influences root formation (Harbage et al., 1998) with a direct impact on overall status of the plant. In roses, root growth was inhibited when plants were exposed to either pH 8 or pH 4 in comparison with plants grown in pH 6. Additionally, plant growth, leaf size and chlorophyll levels were not affected in plants at pH 4, while all these variables were reduced at pH 8 in comparison with plants grown at pH 6 (Zieslin and Snir, 1989) .
We hypothetisized that the concentration of phenolic compounds (anthocyanins, quercetin compounds, catechin and phenolic acids) in petals of the miniature rose 'KORcrisett' differs according to substrate pH levels. The objective of our study was thus to determine the effects of the substrate pH level on the concentration of secondary metabolites in rose petals, important from the commercial aspect of miniature rose production as well as from the viewpoint of plants response to external stress. As plants grown outside their acceptable pH range show signs of chlorosis and general decline (Smith et al., 2004 a) a reduction in the number of flowers can also be expected in miniature roses potted in acidic or alkaline pH levels.
MATERIALS AND METHODS

Plant material and growth conditions
Rosa × hybrida L. 'KORcrisett' plants were planted in 1.3 l plastic pots (14 cm in diameter), containing a growth medium, prepared by mixing 80% of black peat and 20% of mineral component (sand). The substrate pH levels were modified by liming with calcium carbonate; the amount of lime was calculated on the base of a pH curve and three different pH levels were set up; treatment A with pH level 3.3, treatment B with pH level 4.7 and treatment C with pH level 7.3. For each treatment 15 plants were planted; the experiment was a randomized block design on a single bench. Plants were grown from the beginning of August to September 2008 in a controlled environment glass greenhouse at 27/22 ºC (day/night) equipped with a cooling system under natural photoperiod. The greenhouse environmental control system was set to start cooling at 27 ºC. Relative humidity ranged from 75-85 %. Plants were irrigated daily, using a flood irrigation system with 4 minutes water (18 ºC) supply. The number of flowers per plant (buds to senescent flowers) was counted at the beginning of the experiment on 12. Aug. 2008 (day 0) and on 8. Sept. (day 28). At the same time petals (flower developmental stage 3; Muller et al., 1998) for the extraction of phenolics were collected and immediately frozen in liquid nitrogen and stored at -18 ºC prior to further analysis.
Extraction and determination of phenolic compounds
For the analysis of phenolic compounds (anthocyanins, quercetin compounds and selected phenolics), frozen petals were ground to a fine powder with liquid nitrogen. A sample of 2 g was extracted with 3 mL methanol containing 3% (v/v) HCOOH and 1% (w/v) 2,6-di-tert-butyl-4-methylphenol (BHT) in an ultrasonic bath for one hour. After extraction, the treated samples were centrifuged for 7 min at 12,000 g n .. The supernatant was filtered through Chromafil AO-45/25 polyamide filter (Macherey-Nagel, Düren, Germany) and transferred to a vial prior to injection into the highperformance liquid chromatography (HPLC) system. The samples were analyzed using a Thermo Finnigan Surveyor HPLC system (Thermo Scientific, San Jose, CA) with a diode array detector at 280 nm (gallic acid, protocatechuic acid, catechin, p-coumaric acid), 350 nm (quercetins) and 530 nm (anthocyanins). A Phenomenex (Torrance, CA) HPLC column C18 (150 mm x 4.6 mm, Gemini 3µ) protected with a Phenomenex Security guard column, operated at 25 ºC, was used. The injection volume was 20 μL and the flow rate was 1mL min -1
. The elution solvents were aqueous 1% formic acid (A) and acetonitrile (B). The samples were eluted according to the linear gradient described by Marks et al. (2007) : 0-5min, 3-9% B; 5-15 min, 9-16% B; 15-45min, 16-50% B; 45-50min, 50% isocratic; and finally washing and reconditioning of the column. The concentrations of selected phenolic compounds were assessed from peak areas and quantified with the use of corresponding external standards and anthocyanins by the use of calibration curve of cyanidin-3,5-di-O-glucoside. Anthocyanins were further identified using a mass spectrometer (Thermo Scientific, LCQ Deca XP MAX, San Jose, USA) with an electroscopy interface (ESI) operating in positive ion mode from m/z 115 to 800. The injection volume was 10 μL and the flow rate maintained at 1mL min -1 . Capillary temperature was 250 ºC, the sheath gas and auxiliary gas were 20 and 8 units respectively, the capillary voltage was 26 V and spray voltage 4 V. Multipole Rf amplitude was 550 V p-p . All compounds were expressed as µg g -1 FW.
Chemicals
The standards used to determine the phenolic compounds in samples were gallic acid, (+)-catechin, quercetin-3-Orutinoside, cyanidin-3,5-di-O-glucoside and cyanidin-3-Oglucoside from Sigma-Aldrich (Steinheim, Germany), catechin from Roth (Karlsruhe, Germany), protocatechulic acid from Merck (Darmdstadt, Germany), caffeic acid, pcoumaric acid, quercetin-3-O-glucoside, quercetin-3-Orhamnoside and peonidin-3-O-glucoside from Fluka (Buchs, Switzerland). The chemicals for the sample preparation and mobile phases were methanol, BHT and acetonitrile from Sigma-Aldrich and formic acid from Fluka. The water used in mobile phase was bidistilled and purified with a Milli-Q water purification system by Millipore (Bedford, MA).
Statistical analysis
Statistical analysis was conducted with the program Statgraphics Plus 4.0 (Statgraphics, Herndon, VA). One-way analysis of variance ANOVA was used for analysis of the effect of substrate pH level on the number of flowers per plant and concentration of anthocyanins, quercetins and selected phenolics in rose petals. Differences in phenolic concentrations among pH treatments were estimated with Duncan's multiple range test (P < 0.05).
RESULTS
The number of flowers
On the first sampling, miniature rose plants on average produced 9.25 flowers per plant with no significant differences observed among pH treatments. However, after 28 days, the number of flowers per plant was significantly affected by substrate pH level (Fig.1) .
Compared to the first sampling, a decline in the number of flowers per plant was detected, when 'KORcrisett' rose was potted in both alkaline (8.10% less flowers per plant) and acidic pH levels (5.88% less flowers per plant) in contrast to pH 4.7, where plants developed 40% more flowers, respectfully. 
Anthocyanins
The HPLC chromatogram revealed five peaks at 530 nm, corresponding to two pelargonidin-based, two cyanidin-based and one peonidin-based glucoside. On the first sampling, flower petals averagely contained Generally, no statistical differences in single and total anthocyanins were detected between acidic and alkaline pH levels, except in the concentrations of cyanindin-3-O-glucoside and peonidin-3-O-glucoside, where higher concentrations were detected in alkaline pH levels. Interestingly, the concentration of cyanidin-3,5-di-Oglucoside in petals of plants potted in acidic and alkaline pH level on the second sampling was more than threefold higher than on the first and consequently, the concentration of total anthocyanins in these treatments also increased 66.73% to 60.88%. The concentration of the major anthocyanin (pelargonidin-3,5-di-Oglucoside) and three minor ones, however, were similar to those measured on the first sampling. 
Quercetin compounds and catechin
Three quercetin compounds were determined in the petals of Rosa × hybrida L. 'KORcrisett', the predominant quercetin-3-O-rhamnoside and two minor ones (quercetin-3-O-glucoside and quercetin-3-O-rutinoside). On the first sampling petals on average contained 70.87 µg g -1 FW quercetin-3-O-rhamnoside, 21.81 µg g -1 FW quercetin-3-Oglucoside and 7.33 µg g -1 FW quercetin-3-O-rutinoside, with no statistical differences observed among pH treatments (Table 2) . On the second sampling, however, the lowest values of major and minor quercetin compounds were obtained from petals of plants, potted in a 4.7 ph level. Statistically significant differences in the concentration of the two most abundant quercetin compounds were also detected between acidic and alkaline pH levels; the concentration of quercetin-3-O-rhamnoside was from 98.31% to 55.77% higher and quercetin-3-O-glucoside from 123.37% to 70.41% higher than in pH level 4.7. Compared to the first sampling, the concentration of all quercetin compounds in petals was higher on the second sampling in both acidic and alkaline pH levels but lower in 4.7 pH level. The concentration of the predominant quercetin compound increased 61.72% and 59.28% in acidic and alkaline pH treatments and decreased by 25.95% in pH level 4.7 and a similar trend was detected for quercetin-3-O-rutinoside. The average concentration of catechin in petals of rose 'KORcrisett' on the first sampling was 2006.66 µg g -1 FW and after 28 days, the concentration only increased in the petals of plants potted in an acidic pH level. Compared to the first sampling the concentration was 20.50% higher in pH level 3.3 and from 8.05% to 14.51% lower in pH levels 4.7 and 7.3. 
Phenolic acids
Four phenolic acids were extracted from the petals of miniature rose 'KORcrisett': gallic acid, protocatechulic acid, caffeic acid and p-coumaric acid (Table 3) . On the first sampling rose petals averagely contained 31.37 µg g -1 FW gallic acid, 121.65 µg g -1 FW protocatechulic acid, 133.56 µg g -1 FW caffeic acid and 52.57 µg g -1 FW p-coumaric acid. After 28 days, the lowest concentrations of all phenolic acids were detected in the petals of plants potted in pH 4.7 and the highest in pH 3.3. The concentration of gallic acid was considerably lower on the second sampling; the decrease was more than seven fold in pH level 4.7, four fold in pH level 7.3 and more than two fold in pH level 3.3. Similarly, the concentrations of protocatechulic acid, caffeic acid and p-coumaric acid were significantly lower on the second sampling in both pH levels 4.7 and 7.3 and remained constant or even increased in the acidic pH level. 
DISCUSSION
Overall, pH of the substrate had a significant effect on the number of flowers per plant as well as on the phenolic concentration in rose petals, as it affects nutrient uptake into plants (Smith et al., 2004a , Papafotiou et al., 2007 and consequently, reproductive efficiency. Similarly, the production of flowers in Senecio vulgaris L. was fewer in plants, grown in a nutrient deficient substrate (Brown and Molyneux, 1996) and acidic and alkaline pH levels caused significant changes in flowering of tobacco plants (Pasqua et al., 1991) . Miniature rose plants developed significantly less flowers when grown in a substrate with pH levels 3.3 and 7.3 compared to pH level 4.7. As early as 1930, a lower substrate pH level (an average of 5.7 is mentioned as optimal) was reported to have a positive effect on the growth of different rose cultivars (Zieslin and Snir, 1989) . A clear increase in flower production was also noted when rose plants were grown in a peat and Lelite substrate amended with ammonium. Yields per ft 2 of roses increased as the proportion of NH 4 + to NO 3 -increased causing a decrease in pH of the rhizosphere (White ad Richter, 1973; Findenegg et al., 1986) .
In contrast, the concentration of major and minor anthocyanins in rose petals increased in more acidic and alkaline pH levels. External stressors, such as substrate pH level, promote anthocyanin synthesis as was demonstrated by Hawrylak-Nowak (2008) who reported an increase in anthocyanin concentration dependant on substrate alkalinity in maize (Zea mays L.). Pelargonidin-3,5-di-O-glucoside and cyanidin-3,5-di-Oglucoside were the prevailing anthocyanic pigments in 'KORcrisett' petals, which is in accordance with the results of Biolley et al. (1994) and Mikanagi et al. (1995) who obtained similar results in other rose cultivars. Similarly to the research of Mikanagi et al. (1995) Rosa × hybrida L. 'KORcrisett' petals contained three minor anthocyanic pigments: pelargonidin-3-Oglucoside, cyanidin-3-O-glucoside and peonidin-3-Oglucoside, all significantly affected by substrate pH level.
Quercetin-3-O-glucoside, quercetin-3-Orhamnoside and quercetin-3-O-rutinoside are the major quercetin compounds in rose flowers (Mikanagi et al., 1995; Cai et al., 2005) and, like anthocyanins, their concentration was lowest in flowers of the plants, potted in 4.7 pH level. Among the phenolic acids gallic, protocatechuic acid, caffeic acid and p-coumaric acid were previously reported by Cai et al. (2005) and Kumar et al. (2008) in other rose cultivars and were significantly affected by pH level. According to our research, the optimal pH level of the substrate for increased flowering of miniature rose 'KORcrisett' was 4.7, however when an increase in phenolic concentration is preferential a modified pH level could be used to produce plants with flowers, which contain more anthocyanins and other phenolic compounds.
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